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Introduction
Cutaneous melanoma is a common malignant neoplasia with over 230 000 cases and 55 000 cancer deaths annually [1] . While death rates are projected to remain stable, melanoma incidence and treatment costs are estimated to rise significantly through 2030 [2] .
The dissemination and prognosis of melanoma is evaluated by the TNM-classification at the time of diagnosis, assessing thickness (Breslow) and ulceration of the primary tumor (T), lymph node involvement (N) and presence of distant metastases (M) [3] . According to TNMclassification, tumors are categorized into four stages, where stage I and II are local, stage III includes positive regional lymph nodes and stage IV has distant metastases. Melanoma prognosis declines as the stage increases and in stage IV, the 5-year survival is only 15-20% [4] . At present, sentinel node biopsy (SNB) has proven to be the most important prognostic factor for melanoma specific survival and overall survival in patients with cutaneous melanoma thicker than 1mm [5] . In several recommendations, SNB is performed for melanomas thicker than 0.9 mm. If the tumor is ulcerated, SNB may be performed even in thinner melanomas. Even though uncommon, these superficial melanomas occasionally metastasize [6] . Standard of care in the intermediate thickness (1.0-4.0 mm Breslow) melanoma includes radical excision of the primary tumor and concomitant SNB. However, in this patient group, only 20-25% of patients have affected sentinel lymph nodes. This means that up to five operations are needed to detect a single lymph node positive patient [7] . There is a clear need for markers that would improve the preoperative identification of sentinel lymph node positive/negative patients for targeting individuals for SNB. Currently, such biomarkers have not been described.
In melanoma, the commonly activated oncogenic signaling pathways include MAPK (mitogen activated protein kinase) and the PI3K (phosphoinositide-3-OH kinase). Over-activation of these pathways leads to increased cell proliferation and cancer cell survival [8] . Abnormal activation is typically induced by oncogenic mutations. In melanomas, the most commonly mutated oncogene is BRAF present in more than 50% of tumors [9] . Ninety percent of all activating BRAF mutations involve V600E substitution [10] . BRAF V600E increases the invasive potential of melanoma cells, but the down-stream effectors are not well known [11] .
Formins constitute a protein family with diverse actin-regulating and potentially pro-invasive functions linked to formation of protrusions of lamellipodia at the cell migrating edge [12] . The family includes two homologous members, formin-like protein 2 (FMNL2) and formin-like protein 3 (FMNL3). Previous studies have suggested that especially FMNL2 participates in melanoma cell invasion by driving elongation of actin filaments that constitute the lamellipodia [13, 14] . Gardberg et al. further analyzed the role of FMNL2 in invasive properties of melanoma and melanoma outcome. In stage I-II melanoma patients, FMNL2 expression was an independent predictor of survival together with melanoma thickness [15] . Interestingly, in BRAF V600E mutant cells, the specific inhibitor vemurafenib, reduces FMNL2 expression [15] . Another actin-modulating protein involved in cell motility is ezrin, an adaptor protein that links the cytoskeleton to the plasma membrane [16] . Ezrin can promote tumor invasion [17] , and in various malignancies, including uveal melanoma, is significantly associated with outcome of the disease [18] . Ezrin expression is significantly higher in cutaneous melanomas than in benign naevi and slightly higher expression levels are observed in metastatic than in primary melanomas [19] .
In the present study, our aim was to study potential predictors of sentinel node involvement in a cohort of patients with intermediate thickness melanoma. Apart from the common clinicopathological markers, we focused on BRAF V600E mutation detected by immunohistochemistry and the immunoreactivity of FMNL2 and ezrin. In addition, we analyzed the value of these markers in predicting disease outcome.
Methods

Patient cohort
The cohort consisted of patients with primary cutaneous melanoma operated at the Helsinki University Hospital, Helsinki, Finland in 2007-2015, altogether 770 patients. Patient records were reviewed, and 100 consecutive sentinel node biopsy-positive (SNB+) patients who met the inclusion criteria were identified. The inclusion criteria were: positive sentinel node biopsy, age during surgery (18-80 years), and intermediate thickness melanoma (Breslow 0.9-4.0mm). Eighteen patients were excluded as the primary melanoma sample was missing. We then selected a matching primary melanoma control group of patients whose sentinel node was negative (SNB-). The case-control matching criteria were: patient age (+/-5 years), same anatomical location of the primary tumor (head and neck, trunk, upper limb or lower limb), same sex and same melanoma thickness (+/-0.2 mm). Patients whose primary melanoma sample could not be recovered, were excluded from the study. This resulted in a final study cohort of 70 SNB+ patients and 70 matching SNB-negative controls (N = 140).
All patients underwent wide local excision with histologically clear margins and SNB. If sentinel node was found positive, the patients then underwent a secondary surgery for the nodal basin, where the positive sentinel node was located (axillary clearance, groin evacuation or neck dissection) according to clinical guidelines. Additional treatment included chemotherapy for eighteen, radiotherapy for twenty-five and interferon for ten patients. In four cases, the isolated limb perfusion was also used. The follow up was performed at the Department of Plastic Surgery or at the Department of Oncology at Helsinki University Hospital. The final follow-up date was defined as the date of the last follow-up visit or the date of death. Most recent follow-up information was gathered from the medical records in August 2017. Median follow up time was 5.1 years (range 2 months-10 years). The cause of death was obtained from the patient records and autopsy reports.
The Ethical Committee of Surgery of the University of Helsinki approved the use of the collected tissue samples and associated clinical information for this study. Ethical committee waived the need for informed consent from patients since no new specimen was collected.
Primary melanoma samples and SNB-specimens
New sections were cut from paraffin embedded specimens and stained with H&E. Relevant pathological parameters (Breslow thickness, ulceration, mitotic count, tumor type, regression) were evaluated by an experienced dermatopathologist. If the parameters differed from those reported in the primary pathological report they were corrected. Sentinel nodes were sliced at 1 mm intervals and analyzed by routine H&E-staining and immunohistochemistry (IHC) (S-100, HMB-45 and MART-1). From the sentinel node, S-100, MART-1 and HMB-45 IHC was performed to identify metastatic cells. The size and location and possible multifocality of the metastasis were examined and reported. Isolated tumor cells (ITC) were also deemed positive as a metastasis.
For BRAF V600E analysis, 3 um thick melanoma sections were stained with Ventana Benchmark Ultra (Roche/Ventana, Tucson, AZ, USA). The protocol was based on heatinduced epitope retrieval using standard pretreatment buffer CC1, 64 min/98˚C. The slides were incubated with primary antibody, BRAF V600E that specifically recognizes the BRAF V600E-mutation, (clone VE1, RTU, 790-4855, Roche/Ventana) for 44 min/36˚C. Antigen detection was performed with biotin-free, three step multimer-based detection kit Optiview (760-700, Roche/Ventana, Tucson, AZ, USA). The slides were dehydrated and mounted. Hematoxylin staining was performed with slide staining instrument SAKURA TISSUE-TEK PRISMA (Sakura Finetek Europe B.V., The Netherlands). For detailed description of the method, see [20] . The stained specimens were then examined by two investigators (AM and SJ) and labeled as positive or negative. The evaluators were blinded for the follow-up data, sentinel node positivity and immunohistochemical results.
For ezrin analysis, sections were reacted with the primary murine IgG mAb to human ezrin (clone 3C12, 1:250 dilution) [21] , after deparaffinization and antigen retrieval with high pH Target retrieval solution (Dako, Glostrup, DK). Endogenous peroxidase activity was blocked with 3% hydrogen peroxidase, and nonspecific binding was prevented by using Novolink Protein block reagent. Immunoperoxidase staining was performed using a polymerized reporter enzyme staining system (Novolink Polymer Detection System, Leica Biosystems, Newcastle, GB) and ultraView Universal DAB Detection Kit (Ventana, Tucson, AZ) to visualize the bound antibody. In control experiments, antibody diluent replaced the primary antibody. The sections were counterstained with hematoxylin (Merck, Darmstadt, Germany) prior to mounting. The samples were evaluated by two blinded examiners (AM and JJ) and in case of discrepancy, a consensus was formed. Previously reported grading protocol was used where the expression levels are graded as negative, weak, moderate or strong [22] . Examples of different staining intensities are shown in Fig 1. For FMNL2 analysis, specimens were stained with a rabbit anti-human FMNL2 polyclonal antibody (Sigma-Aldrich Corporation, St Louis, MO) (1:500). The antibody validation and staining procedures have been described previously [14] . We used the described intensity evaluation, where the basal layer of skin keratinocytes served as an internal reference. Staining intensity was divided into three categories: weak, moderate (similar to the basal keratinocytes) and strong. Staining intensity was evaluated by two investigators (AM and MG) blinded for the follow-up data and the sentinel node positivity. Examples of staining intensities are shown in Fig 1. 
Statistical analysis
Categorical variables were characterized using frequencies and percent and in case of continuous variables means, range of values was used. Cox's regression analysis and chi-square tests were used to determine the significant prognostic factors of disease free survival and recurrence free survival. Recurrence free survival was calculated from the date of the operation to the date of first local, regional or distant recurrence or to the end of the follow up. Significant explanatory variables in univariate analysis were included in the multivariate analysis. We also included parameters that were not significant in our material but are known to be important prognosticators in melanoma (i.e. ulceration and Breslow thickness). Cumulative percentages for survival were estimated using Kaplan-Meier technique and differences between the staining groups were tested using log-rank test. The results of Cox's regression analyses were quantified by calculating hazard ratios with 95% confidence intervals (95% CI). P-values � 0.05 were regarded as statistically significant. All analyses were performed with SPSS-statistical program (IBM SPSS Statistics 24). All features of the individual tumors are presented in Supporting information.
Results
The median age was 57.9 y (range 31-83 y). Of the 140 patients 72 were female and 68 were male. Location of the melanoma was most often trunk area (N = 64), followed by lower limb (N = 36), upper limb (N = 20) and head and neck (N = 20). The most common melanoma subtype was superficially spreading melanoma (N = 71), followed by nodular (N = 50) and acral (N = 6). Thirteen cases could not be categorized. In the entire cohort, ulceration was present in 32 (22.9%) primary melanomas (Table 1) . We performed further division of the cohort in to smaller subgroups according to melanoma location and pathological characteristics. The only subgroup that remained sufficiently large for statistical analyses was the superficially spreading melanoma group (N = 71).
We first analyzed, whether any of the clinicopathological parameters or tissue biomarkers associated with sentinel node involvement. Mitotic count (�1/mm 2 vs. <1/mm 2 ) correlated with sentinel node positivity (p = 0.036), whereas ulceration or tumor regression was not significantly different between the SNB+ and SNB-melanomas (Table 1) . Neither was there a difference in FMNL2 or ezrin expression between SNB+ and SNB-tumors (Table 2) . On the other hand, positive BRAF V600E immunoreactivity correlated with sentinel node involvement (p = 0.013) in the entire cohort. When subjected to multivariate analysis with clinically known prognostic markers of melanoma (Breslow thickness, ulceration, dermal mitosis level), BRAF remained as a significant independent prognostic factor for SNB positivity. (Table 2) . Similar result was also seen in the subgroup of superficially spreading melanomas (p = 0.025).
Twenty-six patients died of melanoma (22 in the SNB+ group and 4 in the SNB-group). In the whole cohort, overall survival was 72.9% and melanoma-specific survival 81.4%. As expected, SNB+-group showed decreased overall survival (OS, 64.3% vs. 81.4%) and melanoma-specific survival (MSS 68.6% vs. 94.3%). Recurrence rate was 30 (42.9%) in the SNB+ group and 5 (7.1%) in the SNB-group. Recurrence free survival (RFS) was 3.96 years in the SNB+ and 5.63 years in the SNB-group. Average time for a recurrence was 2.0 years. The outcome information of the patient cohort is summarized in Table 1 .
Sentinel node positivity was a significant prognostic factor for RFS (p<0. In the superficially spreading melanoma subgroup, there were no significant differences between SNB+ and SNB-melanomas regarding ulceration, mitotic count and Breslow thickness. However, there was a strong correlation between sentinel node positivity and decreased OS (p = 0.005), MS (0.004) and RFS (p<0.0001). In this subgroup, high mitotic count correlated with OS (p = 0.047), MSS (p = 0.019) and RFS (p = 0.020). Clinical and histopathological parameters of this subgroup are shown in Table 3 .
We further subjected sentinel node positivity to multivariate analysis of RFS, MSS and OS, together with dichotomized Breslow thickness (<1.95mm or �2.0mm), presence of ulceration and number of mitoses. SNB status remained as a significant independent prognostic factor for RFS (p<0.0001), MSS (p<0.004) and OS (p = 0.003).
While BRAF V600E immunoreactivity correlated with sentinel node positivity, we found no correlation with RFS, MSS or OS in the entire cohort. However, when evaluated in the superficially spreading melanoma subgroup, BRAF V600E positivity indicated adverse RFS (p = 0.039) and OS (p = 0.012). We found no association between the intensity of FMNL2 immunoreactivity and RFS, MSS or OS. Neither was FMNL2 intensity correlative in the superficially-spreading melanoma subgroup. Similarly, ezrin-staining intensity did not predict RFS, MSS or OS in the patient cohort (Table 2) .
Finally, we wanted to test, whether BRAF status (BRAF V600E IHC positive or BRAF V600E negative), in combination with clinical features (Breslow � 2mm or <2mm and mitotic count � 1/mm 2 or <1/mm 2 ) predicts SNB status and survival in the superficially spreading melanomas. Of the 71 patients, eleven qualified into a high risk group (all three features unfavorable) and eleven into a low-risk group (all three features favorable). In the high risk-group, SNB positivity was more common (72,7% vs. 18,2% p = 0.001) and recurrence significantly more frequent (54,5% vs. 0,0%, p = 0.003) than in low risk group. The 5-year melanoma-specific survival in the high-risk group was only 63,6%, which was significantly different from the low risk group, in which all patients were alive (p = 0.031). These two groups are shown in Table 4 . Melanoma-specific survival functions are shown in Fig 3 . Note that positive BRAF V600E immunoreactivity correlated with sentinel node involvement (p = 0.010). SNB+ = Sentinel node positive patients of the cohort. SNB-= Sentinel node negative patients of the cohort, NS = not significant, HR(95%CI) = Hazard ratio, 95% confidence interval.
https://doi.org/10.1371/journal.pone.0216043.t002 
Discussion
Sentinel node biopsy provides important information for melanoma staging and for adjuvant treatment decisions. However, the current practice for selecting individuals for SNB is far from optimal, since only 20-25% of biopsied patients actually demonstrate lymph node involvement. In this study we wanted to test whether clinicopathological parameters or novel biomarkers, either alone or in combination, could indicate the probability of sentinel node involvement and thereby improve the selection of patients for SNB. In a matched case-control setting we demonstrate that mitotic count and BRAF V600E immunohistochemistry significantly correlate with SNB positivity in cutaneous melanomas of intermediate thickness. Our study also shows that in this matched cohort, SNB involvement is a strong independent predictor of RFS, MSS and OS. Finally, we show preliminary evidence that a combination of Breslow thickness, mitotic count and BRAF immunohistochemistry may identify a group within superficial spreading melanomas with an improved survival probability independent of SNB analysis.
To the best of our knowledge, this is the first report to show an association between BRAF V600E immunohistochemistry and sentinel lymph node involvement. Until now, BRAF analysis has typically been performed as part of clinical practice to find out, whether a patient would benefit from targeted inhibition of mutant BRAF. Some studies have also linked BRAF mutation with aggressive features [23] . In comparison with patients without BRAF mutations, BRAF-mutated melanomas are more likely to metastasize to the brain and may have a worse outcome. Our findings are in line with a recent study by Adler et al., in which BRAF mutation was associated with lymph node metastasis and sentinel lymph node positivity [24] . The major difference between our study and that of Adler et al. is the methodology for BRAF analysis. Here we used an immunohistochemical detection of mutant BRAF V600E instead of DNA sequencing used in the previous work. While the concordance between DNA sequencing and immunohistochemistry is excellent (20) , both methods have their advantages. DNA analysis covers all BRAF variants, while the antibody is specific to BRAF V600E, and will not detect the rare additional oncogenic mutations. Especially elder patients with head and neck melanomas are prone to express BRAF V600K -mutation in their melanomas [25] . This subgroup of patients could thus prove to be a limitation for BRAF IHC usage in prognosticating melanomas. On the other hand, immunohistochemistry is faster, cheaper and readily available as part of routine pathology diagnostic arsenal. Furthermore, it can be performed on sparse specimens containing only small amounts of melanoma cells.
In our study, BRAF V600E mutation was associated with adverse RFS and OS in the superficially spreading melanomas, the histological subtype which typically harbors BRAF mutations. In most previous studies, a correlation between BRAF-mutation and shorter OS has been restricted to advanced metastatic disease, while the results in early stage melanomas have been conflicting (reviewed in [26] ). There are, however, some earlier studies to support our finding on the predictive role for BRAF mutation also in early stage disease [27, 28] .
In our study FMNL2-expression was not an independent prognosticator of sentinel node involvement or melanoma outcome in contrast to previous results [15] . There may be several explanations for this apparent discrepancy. The cohorts in the two studies were significantly different, as the previous study included only lymph node negative cases, while in the current study half of the patients had sentinel node involvement. Moreover, here we excluded Breslow >4.0 mm melanomas, while in the previous study 20.1% of melanomas belonged to that group. Finally, the previous study had more ulcerated melanomas than the current cohort (43.2% vs. 18.3%). We conclude that further studies are needed to confirm the role of FMNL2 in melanoma biology. The fact that ezrin expression did not correlate with sentinel node positivity or outcome is not totally surprising, as most previous studies have linked ezrin expression to melanoma evolution, e.g. by demonstrating increased melanoma expression in metastases as compared with the primary tumor.
Not surprisingly, sentinel node status proved to be a significant prognostic factor in our material of intermediate thickness melanomas, both in the entire cohort and the superficially spreading subtype. This correlation and the role of SNB-status has been substantiated in numerous studies. Interestingly, independent of the sentinel node status, the combination of Breslow thickness, mitotic count and BRAF immunohistochemistry defined patient groups with highly different outcomes. A "low risk" group (Breslow <2mm, low mitotic count, BRAF V600E-), had a 100% 5-year survival, while the survival probability for the "high risk" group (Breslow >2mm, high mitotic count, BRAF V600E+, 18% of SSM) was just over 60%. It should be noted that while the statistical difference between the groups was significant, the group sizes were small. Therefore, further studies are needed to confirm, whether BRAF analysis in combination with conventional clinicopathological markers could provide meaningful outcome information for clinical decision support.
This study confirms the central role of sentinel node biopsy in melanoma prognostication, but the challenge of optimal stratification of patients for SNB remains. Our results demonstrate that BRAF immunohistochemistry could be an integral part in assisting selection of patients with intermediate thickness melanomas for sentinel node dissection. Further prospective studies are needed for validation of these findings. 
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